national accelerator laboratory FN-201

L
¥ 0200

TEE OPERATION OF'THE FIRST SECTION OF THE HAL
LINEAR ACCELERATOR
¢. D. Curtis, R. W. Goodwin, E. R. Gray,
P, V. Livdahl, C. W. Owen, M. F. Shea
D. E. Young

Vational Accelerator Laboratory, Batavia, Illinois

ABSTRACT

The initial performance of the 10-MeV section of
the NAL 200-MeV linear accelerator is presented. The
preaccelerator, mechanical and rf systems of the linac,
Yeam transport lines, diagnostic equipment and computer-
control system are described briefly. Beam emittance,
profiles, momentum spread and operating linac parameters
proceased through the computer are displayed.

The maximum beam current accelerated to 10.4 MeV
was 160 mA with a cavity transmission of 72%. The phase-
space density was significantly higher in the core of the
beam than near the periphery. TFor a 150-mA beam the measured
emittance areas including 80% of the beam current were 10
and 15 milliradian-cm in the x and y planes regpectively.
The beam-emittance growth through the linac was measured
and a graph showing the variations occurring under different
operating conditions is presented. The total momentum
spread of the 10-MeV beam, independent of beam current,
was 1.0% for approximately 90% of the beam. Further improve-
ments in beam gquality can be expected from optimization of

linac parameters.

# Operated by Universities Research Association Inc. Under Contract with the United States Atomic Energy Commissior.



1= FN-201
0200

1. Infroduction

A 200-MeV linear accelerator (linac) and 8-GeV hooster
synchrotren constitute the injection system for the 200-GeV
synchrotron at the National Accelerator Laboratory (NAL).
Construction of the first sectlon of the linac was started in
May, 1968 as a prototype to test the design and to allow the
development of subsystems required in the final 200-MeV linac.
Protons were first accelerated to 10 MeV on June 26, 19689.
Improvements continued on the systems until December 11, 1969,
when the equipment was dismantled for movement from the tempo-
rary to the permanent laboratory.

This linac is part of a collaborative effort with Brookhaven
National Laboratory (BNL) and Los Alamos Scientific Laboratory
(LASL) intended to increase the energy, veam intensity, beam
guality and reliability of the Alvarez standing-wave linac and
Cockcroft-Walton preaccelerator system. The NAL linac design
is similar %o that of the new 200-MeV injector for the alter-

nating gradient synchrotron at BNL. The BNL drift tube and
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cavity specifications were adopted to save design effort and
to allow early construction. These parameters are summarized

in Table I.1’2

The performance specifications of {the NAL linac
are given in Table II. There are notable differences between
the detailed design features of the BNL and NAL linacs mainly
arising from the different requirements of the synchrotrons
into which they inject. It is also planned to use the LASL
scheme of resonant post-couplers %o stablilize the rf fields
more than in the conventional Alvarez structure.3 This scheme
will be used for the longer cavities beyond the first 10-MeV

section and performance of the post-couplers will therefore

not be reported in this paper.

2. Description of 10-MeV System

The ion scurce is a duoplasmatron with a plasma expansion
cup. The design is still in a state of evolution, with three
expansion cup geometries having been tested to date. TFigure 1
is a drawing of the latest version, which has given our greatest
accelerated beam current. The design is similar to one developed
at the MURA laboratory except for modification of the expansion
cup.4

The ion source injects directly into a 30-cm long acceler-

ating cclumn which is designed with a convergent Pierce field

to prevent expansion of a parallel beam due Lo space charge
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forces. This design is similar in principle to the BNL high-
gradient column,5 but with a lower maximum gradient of 33 kV/cm.
There are seven accelerating gaps following an extraction gap.
All electrodes are fabricated of titanium. The aperture in
each electrode is 2.8 cm, which means thatthe maximum current
of uniform density that can be accelerated to 750 keV as a
parallel beam is 250 mA. The exterior of the vacuum envelope
for the accelerating column is insulated by sulfur-hexafluoride
gas at a pressure of two atmospheres in a fiberglass and epoxy
pressure vessel much like that of an earlier description.6 A
drawing of the column with the initial ion source in place is
shown in Fig. 2. A photograph of the column in its operating
position is shown in Fig. 3.

A 600-kV high-voltage power supply,modified for use to
800 kV, was loaned to NAL by Argonne National Laboratory. All
the testing of the prototype preaccelerator and 10-MeV linac
has been carried out using this high-voltage power supply.

The 750-keV beam-transport system is twelve feet in length,
measured from the aperture in the last accelerating electrode
of the column to the inner surface of the linac-cavity end wall.
The layout shown in Fig. 4 is the system actually used in the
prototype testing in contrast to the initial design.7 Focusing
is accomplished by three quadrupocle triplet magnets each of
which has the outer gquadrupoles connected in series and the

middle quadrupole independently adjustable. Operation has



-4 FN-201
0200

been with the focusing order in the horizontal pilane D-F-D,
F-D-F, D-F-D preceding a D gquadrupole in the first half drifw
tube of the linac.

The transport system was designed with the aid of the
BNL conputer transport program of R. Chasman.8 The lengths
of the quads are 12-24-12 cm for each of the first two friplets
and 8-16-8 cm for the third triplet. The iron-to-iron spacing
of all quads is 2 cm and the aperture is 8 cm in diameter. The
fields are dc and have been operated most often at strengths
between 300 and 4C0 G/cm in the first two triplets and 500 to
700 G/cm in the third triplet. Beam diagnostic eguipment
located .in the transport line includes four beam current toroids,
horizontal and vertical emittance probves at each of two loca-
tions and adjustable collimating slits at the entrance to the
linac.

The buncher was a single-cell resonant cavity constructed
from the copper-plated steel buncher cavity used originally
with the University of Minnesota linac, The internal elements
were replaced by a slug tuner, a drive loop, and two half drift
tubes {all OFHC copper). The electrical characteristics of the
cavity were calculated using the MESSYMESH linac field computa-

9

tional program. Excitation power was from a 15db directional
coupler in the drive line which supplied rf power to the 10-MeV
cavity. Phase and amplitude were adjusted with mechanical

phase shifters and a hybrid Junction attenuator.
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The 10-MeV accelerating cavity (Figs. 5 and 6) is made
of copper-clad steel and is pumped by three 1200-liter/sec

ion pumps.1o

The cavity normally operates at a pressure of
2 X 10'7 torr. Each cavity is itemperature controlled by water
flowing in cooling channels welded to the steel stiructure.

The drift tubes are fabricated according to dimensions
calculated by the MESSYMESH program9 and are dimensionally
identical to the BNL drift tubes. Drift tube gquadrupoles are
pulsed. The cavity begins and ends with a half drift tube.
The loaded Q is 60,000, 89% of the theoretical value calculated
with no corrections for openings such as pumpout ports and
pickup loops.

The 10-MeV cavity was designed to have a large tilt in
the electric-field gradient. This tilt is achieved by tuning
the low-energy end at a calculated frequency above the opera-
ting frequency and the high-energy end below the operating
frequency by the same amount. RF fields in the cavity were

11 with an on-1iine

measured using perturbation techniques
computer. Figure 7 is a plot of the normalized gap fields
along the tank as they were finally adjusted. The »f system

is a driven amplifier, rated at 5 MW output power, and is
described in detail in the block diagram shown in Fig. 8. The
power-amplifier tube is an RCA 7835 triode used in an amplifier

12

circuilt. The anode voltage for the- final amplifier is
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supplied from a hard-tube modulator that also serves as the
active element for the cavity voltage-control servo system.

The transport system for the 10-MeV beam is shown in
Fig. 9. This system contains beam-current toroids, horizontal
and vertical emittance probes, a guadrupole doublet, the object
s1it for a 60° analyzing magnet and segmented beam-width moni-
tors both upstream and downstream from the analyzing magnet.
The downstream monitor is located at a position focus and
provides a means of measuring the momentum spread of the linac
bean.

The control system for the 10-MeV accelerator isg developed

13

around a 16-bit control computer, a television display scope
with alphanumeric and graphic capability, a storage scope and

a complete complement of computer peripherals. Primary emphasis
for this system has been directed toward data acgquisition and
control of eguipment useful in beam-diagnositic and accelerator-
research experiments. The computer assembles information from
the various components as commanded by programs called into
memory from the magnetic disc and prepares displays of the
assembled information for the operator. Set-point control of
an accelerator parameter can bve accomplished by typing the
desired value onto the display scope from a keyboard. Continuous

variation of any controlled parameter is possible through a

single shaft-encoder knob whose function and sensitiviiy are
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preselected by the operator. As this kncb is adjusted, the
value of the selected parameter forms the abscissa of a graph
plotted on the storage scope. The ordinate of this graph can
be the value of any parameter measured by the computer. In
this way, for example, 10-MeV beam current may be plotted as
a function of preaccelerator transport gquadrupole field,

During the period of operation of the 10-MeV section,
all drift-tube quadrupoles and beam-line steering, focusing
and bending magnets were controlled and monitored through the
computer. In order to document the coperating parameters rapidly,
a program was written that allowed the operator to request a
"linac log" to be printed on a high-speed printer. An example
of this output is shown in Table III. The computer gathers
data for twenty machine cycles and gives as output the average
value and the standard deviation (in parentheses) of each
parameter shown in the table., The log is produced in about
5 seconds.

The emittance of the beam in the 750-keV and the 10-MeV
beam transport system was measured with the computer-controlled
probe and data acguisition system shown in Fig. 10. The 750-keV
probe consists of a narrow (0.075 mm) slit, a 10-cm drift space
and a segmented current-pickup plate that has 20 segments on
0.2 mm centers. An individual segment thus corresponds to two

miliiradians angular divergence. The dimensions of the 10-MeV
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prove are scaled appropriately to maintain the same angular
resoiution. Under program control, the computer positions the
s1lit and steps it across the beam. Analog signals proportional
to the amount of current incident on each segment are amplified,
sampled and held at a preselected time at each slit position.
These signals are then digitized and fed into the computer.
Tmmediately following the beam scan, the computer calculates
for a preselected intensity threshold the phase-space area and
fraction cof the total beam contained within this area.

Input parameters for the program and the results of the
calculations are transmitted between the operator and the com-
puter via the alphanumeric display scope. Graphic representation
of the results of the measurement are presented on the storage
scope. A photograph of this display is shown in Fig. 11. The
isometric representation is a plot of slit position (shown
horizontally) versus angle, with the third ccordinate cof the
points proportional tc current measured on the individual probve
segments. The intersection of the plane with the three-dimensional
surface is the usual two-dimensional phase plot, shown in the
upper-leit cormer of the photograph. The computer repetitively
calculates the phase-space area and the percentage of beam
contained within this area, and plots the results along with
the associated axes in the upper right. Also shown are the

spatial distribution (beam profile) and angular distribution.
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The beam current averaged over the run, the full width at
half maximum, center of gravity (in cm) and the area and percent
of beam associated with the two-dimensional phase-space plot
are listed in the lower left. The threshold (as a fraction of
the maximum individual segment current detected), which deter-
mines the vertical location of the plane on the isometric,
is preselected by the operator. A change of this input para-
meter allows the operator to see the shape of the two-dimensional
phase-space plot for various beam percentages. The program
allows for the sequential operation of up to four preselected
probes without operator intervention. Incoming emitfance data
from each probe are automatically stored on the magnetic disc
to allow subseguent recalculation and display of the data at
various thresholds. These data then can be stored on magnetic
tape for later retrieval and analysis.

With +this system, the beam is interrupted for only a few
seconds while the data are being acguired. An additional 20
seconds are required to perform the calculations and to present

the graphic display on tne storage scope.

%, Performance

A, Preaccelerator and Beam Transpordi

During a brief period of operation on a test bench, the
ion source of Fig., 2 gave beam currents up to 300 mA. Measurement

of the source emittance by use of a slit plate and a fluorescent
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screen gave an approximate value of 22 milliradian-cm for =z
current of 250 mA at TO keV.

With this source mounted on the accelerating column and
with the design value of 40 kV across the extractor gap, one
would expect to accelerate to 750 keV a parallel beam of 32 mA,
the plasma cup being 1.0 cm in diameter. The beam actually
accelerated was approximately 3% mhA. To accelerate 250 mA
under the same conditions reguires a much larger area of plasma
surface. To achieve this without the development of a larger
plasma-expansion cup, the column was operated with the
first gap, the normal extraction gap, shorted. Extraction then
took place in the second gap while the first gap was used as
a further plasma-expansion region. Beam currents up to 260 mA
were accelerated through the column in this manner. This mode
of operation represents, of course, a departure from the original
Pierce gecmetry.

In an attempt to provide a large plasma surface area in
a Pierce geometry, the plasma-expansion cup of the source was
scaled linearly in all dimensions to a diameter of 2.8 cm.

This modification gave some improvement 1n performance, but
not as much as a second modification to the cup that allowed
a longer drift distance for plasma expansion. This latter

change, shown in Fig. 1, provided the beams on which most of
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thne perlformance data in this report are based. Development of
the ion-source cup geometry is continuing, because this latest
configuration has provided only about 150 mA in the nominal
Pierce field distribution. As before, shorting of the normal
extraction gap permitted higher beam currents, up to 320 mi,
to be accelerated. The column was always operated in this
manner, even for low beam currents, in the collection of the
data given in this report.

The mass ratio of ions in the beam from the column 1s a
strong function of the arc current in the source and a lesser
function of the magnetic-field intensity. The proton percentage
typically varies from 50% to over S0% as the arc current varies
from 15 A to 35 A. After the beam has passed through one or
more magnetic triplets, the different mass components have
different orientations in phase space. One can therefore esti-
mate approximately the proton percentage by examining the beam
profile distributions in comparison with the isometric plot of
intensity in transverse phase space. Figure 11 shows the sur-
vival of three mass components near the input of the linac at
a relatively low total beam current. In most cases, 1low arc
currents in the source were used to obtaln low beam currents,
which consequently had low proton percentage.

Emittance measurement was affected by presence of the
multiple-ion beams. The true proton beam emittance is smallex
than the plotted value at each point 6f the percentage of beam

versus emittance curve, especially at the higher beam percentage



-12- FN-207
0200

poeints. Tris effect becomes less pronounced at high beam cur-
rents because of smaller molecular-ion content.

Emittance measurements for a focused beam were taken at
various times during a long beam pulse. The current decreased
from 116 mA at a time early in the pulse to 70 mA at a time
60 psec later., These measurements showed that the emittance
ellipse rotated very slightly during the pulse. In addition,
the relative proton content dropped from 65% to 50% because of
the simultaneous decline in the arc current. At larger beam
currents (250 mA), the ellipse rotated noticeably during the
pulge. This rotation could be accounted for by a drop in the
preaccelerator voltage that occurred because there was no voltage-
stabilizing bouncer.

Emittance and beam-profile measurements are made at the
input and output of the linac during performance tests at a
variety of beam currents and operating conditions. Figure 12
shows an example of these measurements in the horizonisal and
vertical planes at a distance 17 cm upstream of the linac
entrance. The effect of the buncher, particularly on the
vertical emittance, can be seen because there are two sets of
measurements under similar operating conditions, one with
buncher on and one with buncher off. The total beam current
out of the column, including molecular ions, was 170 mA. A
similar effect was present for both higher and lower beam cur-

renis and appears to be the result of a change in focusing of
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the peam in the third triplet with change in energy by the
buncher.

The emittance and beam density distribution reproduce
extremely well from one time to another under identical opera-
ting conditions. There is a significant variation for different
operating conditions, however. In Fig. 13 are plotted the emit-
tance curves for horimontal and vertical motion at the input
to the linac when the data from anine runs under different opera-
ting conditions are averaged. High-current runs ranging from
250 mA to 290 mA were selected to minimize the effect of molecular-
ion content. The spread in emittance represents the extreme
variation between runs. A run with lower emittance at one bean-
percentage point tends to have lower emittance at the other
percentage points as well. A plot of raw emittance data versus
beam current from 27 runs shows the emittance to decrease slowly
with decreasing beam current. Trimming of several emittance
plots at 100 mA to eliminate most of the molecular lons resulted
in a reduction of the emittance values to approximately 50% of
these at 270 mA., The average data for these plots after trim-
ming are also shown in Fig. 13.

A remark is in order with respect to the interpretation
of emittance and beam profile plots. The angular distribution
in x-x' space represents a sum over y-y' space {and vice versa),

because the slit for horizontal measurements extends vertically
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across the entire beam. In addition, for a beam of circular
cross sectlion of radius R and uniform density, the distribution
of parvicles as a function of displacement x from the center
becomes a coavex plot with intensity proportional todT—(%)2 .

An example of beam-current readings from toroids at various
points in the 750-keV transport line is given in the top part
of Table IIT. Loss of beam between the buncher and linac comes
from some raxe-off at the entrance tc the linac. At high-beanm
current, adjustment of the triplets for greater linac input
veam than that shown in the table did not give maximum 10-MeV
beamn,

Emittance plots in both planes for a high-current beam at
the input of the linac with the buncher off are shown in TFig. 14z
and 14b. Some distortion in the phase plane is apparent. At
lower beam currents, the ends of the emittance ellipse occasionally
develop hooks which have relatively low-beam intensity in them,
in contrast to the situation at high currents where distortions
may affect a greater fraction of the beamn.

B, Linac,

During testing of the linac over a wide range of bheam
currents, many of the operating parameters of the system were
continually monitored by tThe computer and various data logs
were printed out on command. An example of one such log is

Table III. One sees in this instance that the tank ri power
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level is near the nominal or design level (1.00) and the
preaccelerator veltage is 7460 kV, With a tectal ion beam of
296 mA from the column and 218 mA (=95% protons) into the
linac, the linac accelerated 150 mA to full energy of 10.4 MeV,
for a transmission of 68.6%. The tank guadrupoles are set at
their '"nominal" wvalue calculated assuming that injection of
the beam intc a second linac cavity would take place immediately.
Consequently, beam toroids #2 and #3, some distance downstrean
measure much smaller current.

For some experiments, low-current beams in the range of
5 - 40 mA were rendered parallel so that all the current could
be transmitted through the spectrometer magret into a cup approxi-
mately ten meters distant (Pig. 9). Adjustment of the last six
guadrupoles in the tank away from their nominal settings to
accomplish a parallel beam resulted in a reduction in bean
transmission by about one-third.

Other linac data logs show the following maximum acceler-
ated beam achieved: 294 mA from column, 222 mA into linac,
160 mh at 10 MeV for 72% transmission. Whether higher source
current could give still more accelerated beam was not estab-
lished.

The maximum beam accelerated with the buncher off has
been 75 mA. An example of 10-MeV beam emittance for = current
of about 60 mA with buncher off is giveh in Fig. 14c and 144,

where the tank transmission was 25%,
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Pigure 15 shows emittance and profile plots for a 10-MeV
beam at 150 mA. Similar data were collected at varicus beam
currents. A plot of some of the data in Fig. 16 shows variation
of emittance with beam current, as well as some scatter from
run to run under scmewhat different operating conditions. One
will note the larger emittance area in the vertical plane
compared to the horizontal plane for a comparable percentage
of the beam. In addition, the variation of emittance with beam
current is less strong in the vertical plane (“’I%) than in
the horizontal plane (“’I%). These differences must result,
in part, from the large effect on the vertical motion by the
buncher, shown in Fig. 12, The areas in the two planes can
be compared in another way by plotting the percentage of beam
versus the emittance area, as shown In Fig. 13 at 150 mA.

0f great interest and concern is the possible increase in
normalized emittance (or loss of brightness) of the beam in
passing through the first section of the 1inac.14 Although a
systematic investigation of the factors affecting emittance
growth has not been made, it is of interest to determine what
growth can be found in the existing data.

Por each calculation of the emittance display, the values
found for the curve of beam percentage versus emittance are
stored for each emittance-measurement probe. From these data,

a simple interpolation allows a comparison to be made between



-1~ FN-201
0200

emittance areas containing the same fraction of the beam. An
indication of beam growth between measurement-probe positions

is then given as a graph (see Fig. 17) of the ratio of these
emittance areas versus the beam percentage in both the horizontal
and veritical planes.

The beam growth value is dependent on the beam density
distribution. Turthermore, extraneous particles, such as other
mass species in the 750-keV line, will introduce error in the
growth ratio. This effect is particularly noticeable at the
high beam percentages, where a significant increase in emittance
area can be seen. To decreage the effect of the extraneous
particles, a trim correction was made that effectively 1imited
the emittance calculaticn to a selected region of the emittance
diagram. This simple correction makes 1t possible to delete
the data resulting from extraneous particles that are clearly
separated from the main beamn.

An example of growth as it appears on the storage scope
is shown in Fig. 17 for passage of the beam through the linac,
and alsc for passage through the 750-keV transport line. A
summary of such trimmed beam growth wvalues is shown in Fig. 18
Tor various accelerated beam currents. Values are plotted for
both the x and y planes, using emittances corresponding To 40,
60, and 80 percent of the beam current. At high beam currents,

only y growths could be measured because of a malfunction of
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the X probe. A4 the side of the graph are shown several special
growth ratios. These values resulted from comparing 10-MeV

beam data taken with the buncher on to 750-keV data taken with
the buncher off. These runs were taken consecutively to insure
operating conditions as nearly identical as possible. The
increased size of the growth shows the growth due to the buncher
as well as the linac tank.

It should be noted that the beam was not matched into the
cavity in the most desireable way, because a guick procedure
was used to tune for maximum sccelerated beam. The result is
that the emittance areas are not equal in the x and y planes,
nor do the beams have the correct size ratio to maintain the
maximum size of the beam in the linac¢ equal in both planes.

A segmented current pick-up plate at the end of the 10-MeV
transport line (Fig. 9 ) monitors the momentum spread of the
beam. Figure 19 shows storage-scope displays of the momentum
distribution at three beam currents. Little current falls
outside a one-percent spread, and there is little change with
increase in beam current. There is alsc little difference in
spread with buncher on and buncher off. Cloge inspection of
the momentum distribution shows that there is a continuum of
beam with secondary peaks of very low intensity extending to
low energy.

The longitudinal acceptance of thre linac was briefly

investigated by varying the energy of the preaccelerator at
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various cavity rf levels and measuring the transmission through
the cavity (i.e. the ratio of the beam current out of the
accelerator, as measured by the output toroid, to the current
intc the first half drift tube, as measured by the input toroid).
A comparison of these data with those predicted from beam—
dynamics studies using the PARMILA program15 showed that the
shape of the variation of acceptance vs. preaccelerator voltage
curves at various rf levels fits The predicted shape reasonably
well (FPig. 20). The reason for the discrepancy between the
measured and computed values (approkimately 5%) has not as yet
been determined, but could be attrivuted to an error in the
cavity rf-lcop calibration.

C. RF System.

The initial operation of the rf system and the rf condition-

ing of the linac cavity have been reported elsewhere.7

Figure 21
shows the waveforms of the linac cavity voltage and reflected
power in the transmission line under conditions where the ampli-
tude servo loop is open or closed.

With 150 mA accelerated in the 10-MeV cavity, the cavity
voltage was depressed by 15% during the beam pulse. This load-
ing is compensated by exciting the cavity to a higher level
before the beam comes on. No attempts have been made to im-
prove this situation by varying the coupling or the match to

the loaded cavity or to adjust the feedback characteristics of

the cavity-voltage servo.
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Figure 21 also shows oscilloscope pictures of the forward
and reverse power from the power amplifier to the cavity with
150 mA beam accelerated. It is apparent from these pictures
that the match to the unloaded cavity is good and that the
power amplifier is producing additional power during the bean
pulse that is of the correct magnitude to compensate for the
beam loading. The match during the beam pulse could be improved
by adjusting the length of transmission line and cavity coupling.
This would necessarily, however, be at the expense of a poor

match to the unloaded cavity.

4, Summary of Performance

The beam characteristics of the 10-MeV section of the NAL
linac have been measured. Maximum beam current accelerated
to 10.4 MeV was 160 mA with an input beam of 222 miA giving
a tank transmission of 72%. Measurement of the rf power
delivered to the beam confirmed the current measurement.

For a 150-mA accelerated beam the measured emittance area
was 16.5 mrad-cm in the x plane and 21 mrad-cm in the y plane
for 90% of the beam. The phase-space density increased sharply
toward the core of the beam at both the entrance and the exit
of +the linac. ZEmittance of the 10-MeV beanm varied approximately
as the square root of the current in the x plane and less

strongly in the y plane. This difference may result from
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the observed smearing out of the y plane emittance {a "blownup"
projection of the six-dimensional hypervolume) during passage of
the beam through the buncher and the following triplet.

Growth of the emittance area of the beam was observed for
a range of intensities. The amount of growth was dependent upon
the operating conditions and varied from a wvalue of 1.5 toc 4.5.
There was a trend toward less growth for the lcocwer-percentage
contours corresponding tc the core of the beam. There was no
real evidence for increased growth with increasing beam current.
An additional growth was observed hetween the buncher and linac,
particularly in the y motion, by as much as a factor of two.
It is apparent that adjustments are regquired in the transport
line and buncher 1¢ improve this situation.

Total momentum sprezad under normal operating conditions
was approximately 1.0 percent, independent of beam current.

Comparison of measured and computed phase acceptances have
shown fair agreement. Calculations of output-beam properties
are being made using the PARMILA beam-dynamics program that
includes the effects of space-charge forces for measured input-
beam characteristics. For a typical linac operating condition,
preliminary results show an emittance growth observable in the
regions outside the central core.

Improvenments in the quality of the 10-MeV beam can be

expected when optimum operating conditions are achieved.
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TABIZ I
200-MeV Linear Accelerator Perforzmance Parameters
Output energy 200.30 MeV
Ousput momentum spread, total 2.7 x ‘IO'3
for 90% of beam
Pealk beam curreny 10C mA
Bmittance at 200 MeV (each 1.5 = 3.0 mrad-co
transverse mode)
3ean pulse length 100 psecs
2ulse repetition rate ' 15 pps
Cavity resonant frequency 201.25 MHz
R pulse length, variable %o 400 usecs
RF éuty factor, maximum .006

Synchronous phase angle, from -32°
rf peak



Table ITL

Printout of 10 MeV Linac Parameters as
Monitored by the Computer Control System

LINAC LOG 12/11/69 00PA

TANKY TRANSMISSION 686 X

TANK]1 RF LEVEL AT BfaAM TIME
TANK]1 RF LEVELveoess
BEA~ TBRBIDS! SAURCE BUT
AUNCHER IN
BUNCHER BUT
LINAC IN
LINAC BUT
16 MEV #2
10 MEV #3
HlGH VBLTAGEl.'."l...!'
750 KEV QUADS: QTm1 FNDS
CENTER
QTM2 ENDS
CENTER
QTM3 ENDS?E
ENDS2
CENTERY
CENTER?
10 MEV QUADS! DOURLET #1
DBURLET w#2
STEERING MAGNETS? Xasesas
Yensnee
SPECTRAMETER MAGNET
PRESSURF! 750 TRANSPART
TANK §
PRBBES:! EMITYTANCE #1
w2
#3
[ 1]
[ 1.
*6
10MEV SLIT
WIDTH MONTITAR
10MEV CUP
TANK]1 QUADSE PeSen}
e
t X
1 13
5
e
7
»3
[ L]
10
11
wiz
#13
e
15
#ié
"7
e
¥19
#20
wai
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wa2e
27
22n
#29
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N k]
w3z
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296.4(5,72)
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26105(7093,
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142%7{en%2)
746¢%(+584)
329:.7(+nb63)
IA5R.3(eé7)
A91+1(119)
313 (er3)
26071 2034)
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298.9({+néR)
289.4ens8a)
409:.1(4,958)
#469.5(5.75)
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«351 (epdg)
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+515 (+n01)
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&e¢759(en01)
«522 (en0Y)
9722 (2n04)
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2206002 )
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21%e6(enks)
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148:4(0069)
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139:3(en77)
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137.8(enis)
13861202 )
119.7(ent )

9%.29
216.3
212+
208+%
20445
178.+%
176+1
173.8
169.9
147.1
164+
2309
228.1
2724.8
22142
218

21448
210+7
20841
20449
1508
149.7
148.8
147.%

" 1ebe3

1685
1837
14240
18146
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139.%
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Figure ||

Emittance and beam profile plots for
x motion at linac input, showing
three ion components in the beam.
Protons constitute the most sharply

focused component.
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Percent of Beam
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90} o~ v FIN-201
// 0200
70} ¢ v
s0r OV O 150 mA at 10.4 MeV, X-Motion
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Figqure 13

Percentage of Beam vs Emittance Area
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Figure |4

Emittance Displays at Entrance and Exit of 10-MeV Linac
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Beam Growth Through Linac
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Figure 20

Linac Acceptance as a Function of Preac-
celerator Voltage
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(a) Cavity Field Buildup and (b) Same as (a) with Amplitude

P A. Reverse Power with Servo Loop Closed

Amplitude Servo Loop Open
(c) P.A. Forward Power as {d) PA. Reverse Power at same

seen by Calibrated Direct- Conditions as C.

ional Coupler with 150 ma

at 10.4 MeV

Figure 21|

R.F. Waveforms Showing Effects of Amplitude Servo



